We systematically reviewed cohort studies on the effect of nutrient and food intake (except for alcohol) on the incidence of type 2 diabetes , which had been published in English as of May 2004. Using the MEDLINE (PubMed) database as well as reference lists of searched papers, 15 individual cohort studies (a total of 31 papers) were identified . The number of subjects (n=895-85,060), follow-up length (5 .9-23y), the number of diabetes cases (n=74-4,085), dietary assessment method used (simple food questionnaire , food fre quency questionnaire, food frequency interview, diet history interview, and 24-h recall), and method of case ascertainment (questionnaire , oral glucose tolerance test, fasting glu cose level, death certificate, and nationwide registry) varied among studies . For nutrients, intakes of vegetable fat, polyunsaturated fatty acid , dietary fiber (particularly cereal fiber), magnesium, and caffeine were significantly inversely correlated and intakes of trans fatty acid and heme-iron, glycemic index, and glycemic load were significantly positively corre lated with the incidence of type 2 diabetes in several papers . For foods and food groups, several papers showed significantly decreased risk for type 2 diabetes with the higher con sumption of grain (particularly whole grain) and coffee, and significantly increased risk with processed meat consumption. Because all the studies were carried out in Western countries, however, research in non-Western countries including Japan is needed .
It is estimated that in 2000 there were about 150 million people with type 2 diabetes all over the world and that this figure will double by 2025 (1) . While type 2 diabetes and its complications such as cardiovascular disease, amputation, blindness, and renal failure ad versely affect the quality of life, there is no currently available cure for diabetes. Thus, primary prevention of the disease is of paramount importance to public health. Although many lifestyle factors are associated with the development of type 2 diabetes (2, 3), food and nutrition may also play an important role in its cause (4) . In Japan, a cohort study suggests decreased ratio of polyunsaturated to saturated fatty acids as a risk factor for glucose intolerance (5), although there is no cohort study where the endpoint is the incidence of diabetes.
In prevention and clinical settings, the findings in human studies are much more important than extrapo lation of the results from animal studies. However, a report which systematically reviews human studies on the association between dietary factors and type 2 dia betes is not currently available. A systematic collection of previous publications (scientific papers) and its effi cient application are essential for the evidence-based primary care and treatment of type 2 diabetes. We, therefore, systematically reviewed published cohort studies examining the effects of dietary factors on the incidence of type 2 diabetes. Alcohol was excluded in the present paper not only because assessment methods were quite different between alcohol and other dietary factors such as nutrient and food intake , but also because a systematic review of the relation between alcohol consumption and the risk of type 2 diabetes has been published very recently (6) .
Materials and Methods
We searched the MEDLINE (PubMed) database for cohort studies on the relations of dietary variables including energy and nutrient intake, food consump tion, and dietary score with the risk of developing type 2 diabetes using the following search strategy: ("diet" OR "dietary" OR "nutrient" OR "consumption" OR "intake") AND ("di abetes" OR "diabetic") AND ("pro spective" OR "cohort" OR "follow-up"). The search was limited to English-language reports of apparently healthy persons 15 y of age or older, which were pub lished by the end of May, 2004. We then identified papers (including review papers) on cohort studies assessing the effects of dietary factors on the incidence of type 2 diabetes by reading the abstract of each retrieved article. Of these articles and their reference lists, only articles that met all the following criteria were identified: 1) the endpoint was the incidence of diabetes; 2) follow-up procedure and length and the def inition of the incidence of diabetes were clearly docu mented; 3) quantitative (including consumption fre quency) assessment of food and/or nutrient was conducted; 4) results were shown using the relative risk (RR) (and 95% confidence interval (CI)); and 5) factors used when calculating multivariate RR were clearly indicated. As a result, 15 individual cohort studies (31 articles) of dietary factors and the risk of type 2 diabetes were examined in the present paper.
We retrieved from the 31 articles 1) the number of subjects, their sex, and age; 2) follow-up length; 3) pro cedure for ascertainment of the incidence of diabetes and the number of diabetes cases; 4) dietary assessment instrument used; 5) dietary factors examined; 6) vari ables used for adjustment; and 7) multivariate RR (and 95% CI) and p for trend. For dietary factors examined using more than one statisttttcal analysis, the results of the analysis wwich included the largest number of fac tors for adjustment were retrieved. Although several articles performed stratified analyses according to sev eral risk factors for diabetes, the analysis of all partici pants was retrieved whenever possible. When men and women or white and African-American were analyzed separately, we retrieved these separate analyses. The results were considered statistically significant when either of the following conditions was met: 1) the risk in the highest category was statistically significant (p<0.05) compared with that of the lowest category, or 2) p for trend between dietary factors and the risk of diabetes was statistically significant (<0.05).
Results Table 1 shows all the results of the 15 cohort studies (31 articles) investigating the effect of dietary factors on the incidence of type 2 diabetes. All 15 studies were car ried out in western countries: 10 studies in the USA (studies 1-7, 9, 12, and 13 (7-27, 29, 30, 34, 35) ); 3 in Finland (studies 10, 11, and 15 (31-33, 37) ); 1 in the Netherlands (study 8 (28)); and 1 in Sweden (study 14 (36) ). One study (study 3) investigated only male subjects, while five studies (studies 2, 5, 9, 13, and 14) examined only female subjects. Both sexes were investi gated in the other nine studies; men and women were analyzed separately in three studies (studies 1, 6, and 15) while the remaining six studies (studies 4, 7, 8, 10, 11, and 12) analyzed the data of men and women com bined. The age of subjects ranged from 15 to 98y. The number of subjects examined (n=895-85,060), follow up length (5.9-23y), and number of cases (n=74 4,085) also varied considerably among articles.
Various methods for ascertainment of the develop ment of diabetes were used (see footnotes to Table 1) : death certificate or nationwide registry (studies 1, 10, 11, 14, and 15); questionnaire to confirm whether the definitions of diabetes were met (studies 2, 3, 9, and 13); 2-h 75g oral glucose tolerance testing (studies 7 and 12); self report by subjects (studies 5 and 8); blood glucose level and self report (study 4): and documents such as hospital record and death certificate and self report (study 6). The criteria for diabetes were also slightly different among studies: the National Diabetes Data Group (NDDG) (38) and the world Health Organi zation (WHO) (39) in studies 2, 3, 7, 12, and 13 except for the article by Lopez-Ridaura et al. (14) and the American Diabetes Association (ADA) (40) in studies 4 and 9 and the article by Lopez-Ridaura et al. (14) .
Different dietary assessment methods were also ap plied: non-validated questionnaire (studies 1, 11, 12, 14, and 15); validated questionnaire (study 8); vali dated food frequency questionnaire (studies 2, 3, 5, 7, 9, and 13); validated food frequency interview (study 4): diet history interview (study 10): and a single 24-h dietary recall (study 6). Repeated dietary assessments were made in 11 articles (study 13 and most of studies 2 and 3 (10-15, 17-20, 35) ).
A total of 99 dietary factors were examined in the 31 articles. Different factors were used for adjustment in each article, although well-known factors associated with the development of type 2 diabetes such as age, body mass index (BMI: weight (kg)/height (m)2), smok ing, alcohol consumption, physical activity, family his tory of diabetes, and energy intake were used in many analyses.
A summary of the results of the association of energy and nutrient intake with the risk of type 2 diabetes is shown in Table 2 . Although several studies investigated the relationship of energy and macronutrients (protein, fat, and carbohydrate) to the development of type 2 dia betes, no study has shown a significant relation to date. However, several studies indicated that several types of fat and sugar appeared to be more important. Vegetable fat and polyunsaturated fatty acid were inversely associ ated with the incidence of type 2 diabetes in several studies, while a positive association between trans fatty acid and the risk of type 2 diabetes was observed in sev eral studies. One study showed an inverse association between the ratio of polyunsaturated to saturated fatty acid and the incidence of type 2 diabetes. For sugars, on the other hand, a beneficial effect of sucrose and adverse effects of glucose and fructose were observed in one study. In addition, positive relations of glycemic index (a qualitative indicator of carbohydrate's ability to raise blood glucose levels) and glycemic load (an indica tor of a glucose response or insulin demand induced by the total carbohydrate intake) to the risk of type 2 dia betes were found in several studies.
Several studies indicated an inverse association between dietary fiber and the incidence of type 2 diabe tes. Among various types of fiber, beneficial effects of cereal fiber (in several studies), soluble fiber (in one study), and insoluble noncellulose polysaccharides (in one study) were observed. One study showed a positive relationship between cholesterol and the risk of type 2 diabetes. For minerals, several studies indicated a bene ficial effect of magnesium (both diet only and diet and supplement combined) and an adverse effect of heme iron. A positive relation between heme iron from red meat and the risk of type 2 diabetes was observed in one On the other hand, no significant asso ciation between tea consumption and type 2 diabetes was indicated in any study. Finally, for dietary pattern, an inverse association between the risk of type 2 diabe tes and dietary score (characterized by low intake of trans fatty acid, high intake of cereal fiber, high ratio of polyunsaturated to saturated fatty acid, and low glyce mic load) was observed in one study, whereas another indicated a positive association between the risk of type 2 diabetes and the Western pattern score (characterized by high consumption of red meat, processed meat, French fries, high-fat dairy products, refined grains, sweets and desserts, high-sugar drinks, and eggs).
Discussion
In the present paper, we systematically reviewed 15 individual cohort studies (31 articles) on the associa tion between dietary factors and the risk of type 2 dia betes. Because there is no publication of systematic review of cohort studies on diet and type 2 diabetes, this paper may be useful for future research on this area.
It is important to note that the interpretation and application of the findings should be conducted with great caution not only because the results are not nec essarily consistent, but also because only a relatively small number of cohort studies are available at present. However, the following findings may be considered as low-to-medium level evidence: for nutrients, decreased risk by vegetable fat, polyunsaturated fatty acid, dietary fiber (particularly cereal fiber), magnesium and caf feine, and increased risk by trans fatty acid, heme iron, glycemic index, and glycemic load; for foods and food groups, decreased risk by grain (particularly whole grain) and coffee, and increased risk by processed meat. In addition, antioxidant vitamins and nuts might re duce the risk of type 2 diabetes. However, all 15 studies reviewed in the present paper were conducted in West ern countries; thus, given the large differences of dietary habits among countries and/or societies, it may 1 Sausage , salami, bologna, other processed meats.
2 The intakes of trans fat and cereal fiber , the glycemic load, and the ratio of polyunsaturated fat intake to saturated fat intake were categorized into quintiles. Each woman was assigned a score for each variable on the basis of h er quintile of i ntake (a higher score represented a lower risk) , then the four scores were summed, and the total score was categorized into quintiles. (24) . An inverse association between the ratio of polyunsatu rated to saturated fatty acid and the risk of type 2 diabe tes was also found in one study. Thus, consuming a diet high in unsaturated fats (such as those in natural vege table oils, nuts, and seeds) and low in saturated fat (such as those in animal products) and traps fat (such as those in vegetable shortening and hard margarine) could have substantial benefits for type 2 diabetes (4). Because there are some studies neither supporting nor denying this possibility, however, more research must be done on the relation between fat and type 2 diabetes. Soluble fiber causes the slow absorption and diges tion of carbohydrates that leads to a reduced demand for insulin (41) , and insoluble fiber shortens the intesti nal transit, allowing less time for carbohydrates to be absorbed (42); thus, dietary fiber is one nutrient that may provide protection against type 2 diabetes. A bene ficial effect of dietary fiber was found in several studies. In particular, cereal fiber appeared to be more effective for the prevention of type 2 diabetes than fibers derived from other foods. Therefore, it may be recommended to increase the intake of dietary fiber, especially that derived from cereal products, for the prevention of the disease.
Magnesium is an important compoooooent of many unprocessed foods including whole grains and nuts (43) , and is a cofactor for several enzymes critical for glucose metabolism (44) . Several studies found an inverse association between magnesium and type 2 dia betes, while no report indicated an increased risk from magnesium intake. A particularly beneficial effect of magnesium was observed in two large cohort studies where diet was assessed multiple times during follow-up (14) ; therefore, further research should be undertaken to gather stronger evidence.
The relation between caffeine, which is abundant in coffee, and the risk of type 2 diabetes was investigated in only two studies where a beneficial effect of caffeine was indicated. Caffeine is a strong stimulant of pancreatic beta cells (45) , which may be beneficial for people at risk of type 2 diabetes who usually have impaired insu lin secretion (46) . Additionally, the thermogenic effect of caffeine may increase energy expenditure, which may facilitate weight reduction and maintenance (47) . As only a limited number of studies are available at present, further investigation is needed before drawing a firm conclusion.
Type 2 diabetes is a common manifestation of hemo chromatosis, a disease of massive iron overload (48) ; it can be speculated that excessive iron stores may pro mote insulin resistance and lead to the development of type 2 diabetes (20) . Only two studies examined the association between iron and risk of type 2 diabetes, both of which showed that heme iron increased the risk (no association was found between intakes of total iron, non-heme iron, or iron from supplements and the inci dence of type 2 diabetes). In one study, however, heme iron intake from red meat was positively associated with the risk of type 2 diabetes while heme iron intake from sources other than red meat was not associated with the risk of the disease; therefore, the association be tween heme iron and type 2 diabetes may have been confounded by other components of red meat intake (20) . Thus, more research is needed to identify heme iron as a risk factor for type 2 diabetes. Moreover, even after establishing heme iron as a risk factor for the dis which may contribute to the inverse association be tween whole-grain intake and the disease (17) . Fur thermore, one study indicated a positive correlation between the ratio of refined grain to whole grain and the risk of type 2 diabetes. Thus, it can be considered that substituting whole grain for refined grain may reduce the risk of type 2 diabetes. Five out of eight analyses supported a beneficial effect of coffee on the development of type 2 diabetes, while no analysis found an adverse effect. However, higher con sumption of coffee may adversely affect health in other aspects. For instance, some cohort studies have shown an increased risk of coronary heart disease in heavy coffee drinkers (54) (55) (56) , although in others no increase in risk has been found (57) (58) (59) . Additionally, the bio logical mechanism behind the inverse association between coffee and the risk of the disease is unknown (37) . Thus, even if a beneficial effect of coffee against type 2 diabetes is established, increased coffee intake should be recommended only with caution.
While findings regarding total meat and red meat were not consistent, higher consumption of processed meat consistently increased the risk of type 2 diabetes in two studies that explored this issue. This positive associ ation was largely independent of not only the intake of nutrients associated with processed meat, but also the western pattern, which was characterized by high intakes of red and processed meat and which has been associated with diabetes risk. The increased risk by pro cessed meat, therefore, may be due to the components of processed meat such as nitrites and advanced glyca tion end-products typically administered or developed in processing and preparation (35) . However , as only a few studies have investigated this issue , confirmation from other studies is needed.
Nuts are high in nutrients that may decrease the risk of type 2 diabetes such as polyunsaturated fatty acid, dietary fiber, and magnesium, and may be beneficial for glucose and insulin homeostasis (13) . Only one study investigated the association between nut consumption and the risk of type 2 diabetes where a beneficial effect of nuts was found. Higher nut consumption may lead to more weight gain because of high fat content, but no association between nut consumption and weight change was found in this study (13) . Additionally, although one may speculate that frequent nut con sumption results in increased risk of coronary heart dis ease because of its high fat content, several cohort stud ies have consistently indicated an inverse association between nuts and the risk of the disease (60) (61) (62) . The establishment of the beneficial effect of nuts may make it possible to recommend regular nut consumption as a replacement for refined grain products or red or pro cessed meats that may increase the risk of chronic dis ease (13) . Thus, further investigation is warranted .
Fruits, vegetables, and beans are good sources of dietary fiber, minerals such as magnesium, and antioxi dant nutrients such as carotenoids, which may lower the risk of developing diabetes (26) . Only a small num ber of studies examined the relation of these foods to type 2 diabetes, and only one of eight analyses showed a beneficial effect (fruits and vegetables). Since an ade quate intake of fruits and vegetables appears to lower the risks of mortality from cancer (63) and cardiovascu lar disease (64) , the relation of fruits and vegetables with type 2 diabetes should be further investigated .
Although many studies have focused on the role of single nutrients, foods, or food groups in disease preven tion or promotion, recent evidence suggests that there are health benefits from food patterns that include fix tures of food containing multiple nutrients and nonnu trients (65) . While this approach makes it difficult to elucidate the mechanisms through which the diet com position affects a particular health outcome, it does rep resent a practical approach to making realistic nutri tion recommendations for improving health (65) . For type 2 diabetes, a diet low in trans fatty acid intake and glycemic load and high in cereal fiber intake and the ratio of polyunsaturated to saturated fatty acid appear ed to decrease the risk of type 2 diabetes (in one study) , while a diet high in consumption of red meat , processed meat, refined grain, French fries, high-fat dairy prod ucts, sweets and desserts, high-sugar drinks , and eggs appeared to increase the risk (in one study) .
In the present paper, as the literature search was lim ited to only one database MEDLINE (PubMed) with a manual check of the reference lists of included papers , articles appearing in the journals that were not in cluded in the MEDLINE and/or written in languages other than English have not been identified . Addition ally, research with a negative result may likely be unpublished (publication bias). Furthermore , we exam ined only 15 individual cohort studies since we consid ered as research appropriate for the present study only highly reliable studies that included, for example, quan titative dietary assessment, clear definition of the inci dence of diabetes, and adjustment using known factors associated with diabetes. Thus, one may speculate that it would have been better to examine a greater number of studies by broadening the inclusion criteria. Given the difficulties of dietary assessment, however, it may not be worth referring to studies in which an insuffi ciently accurate dietary assessment method is used . From this point of view, the findings from the studies examined here may be as reliable as possible.
It may be interesting to conduct a meta-analysis . However, our review showed that there are relatively a limited number of cohort studies (one to eight studies for each dietary factor). Additionally, a reliable meta analysis requires the homogeneity of subjects examined and methods used, which has not necessarily been met in the existing research. Thus, we consider that it is too early to conduct a meta-analysis of cohort studies on diet and diabetes.
When comparing and/or summarizing the results of several studies, the differences among studies of sub jects examined and methods used should be taken into account. As diabetes is a disease the incidence of which is difficult to define, various methods were used to define the incidence of type 2 diabetes in the 15 studies tion of fat intake and selective overestimation of protein intake (70, 71) . Additionally, in some studies using not only the total energy expenditure measured by the dou bly labeled water method but also using the 24-h uri nary nitrogen excretion (the gold standard for protein intake), the magnitude of underestimation of energy intake was greater than that of protein intake, indicat ing selective underestimation of other energy-yielding nutrients (fat, carbohydrate, and alcohol) (72, 73) . Moreover, a similar finding was observed in a study using total energy expenditure estimated by body com position and self reported physical activity and 24-h urinary nitrogen excretion (74) . Although this problem has not been given sufficient attention in nutritional epidemiology (69) , selective underestimation of dietary intake may generate misleading conclusions with regard to diet and health relationships. Therefore, although differential underestimation of specific foods and nutrients is quite difficult to investigate, further research on this issue is needed. Very recently, the associations of diet and nutrition to the risk of type 2 diabetes have been reviewed and sum marized (75) . In that review, non-starch polysaccharide (which is identical with dietary fiber in practice) was considered to 'probably' decrease the risk of the disease, which was consistent with the finding obtained in the present paper. An apparently different conclusion from ours, however, was drawn regarding saturated fats, which were regarded as a 'probable' risk factor in that review. In the present paper, however, several studies found an increased risk from processed meat, which was not only high in saturated fat but also frequently consumed in normal life. Thus, although it may be diffi cult to draw a firm conclusion as to whether saturated fat directly influences the development of type 2 diabe tes, our finding is similar to the summary of the review in terms of an increased risk from foods high in satu rated fat. Although beneficial or adverse effects of sev eral other nutrients/foods are indicated at lower levels of evidence ('possible' or 'insufficient'), some of which are consistent with the findings in the present paper, further research is needed to corroborate the data.
As a result of systematically reviewing relatively reli able cohort studies on the association between dietary factors and the risk of type 2 diabetes, the following findings may be considered as low-to-medium level evi dence: for nutrients, decreased risk with vegetable fat, polyunsaturated fatty acid, dietary fiber (particularly cereal fiber), magnesium, and caffeine, and increased risk with trans fatty acid and heme iron; for foods and food groups, decreased risk with grain (particularly whole grain) and coffee, and increased risk with pro cessed meat. However, these conclusions depend on the findings of studies conducted in Western countries, sug gesting that the application of the findings to people in other countries may not be appropriate. Additionally, as findings from only a limited number of cohort studies are available, more research with a prospective design is needed particularly from other than Western countries.
